Many drugs require extensive metabolism en route to their targets. High-resolution visualization of prodrug metabolism should therefore utilize analogs containing a small modification that does not interfere with its metabolism or mode of action. In addition to serving as mechanistic probes, such analogs provide candidates for theranostics when applied in both therapeutic and diagnostic modalities. Here a traceable mimic of the widely used anticancer prodrug cytarabine (ara-C) was generated by converting a single hydroxyl group to azide, giving "AzC." This compound exhibited the same biological profile as ara-C in cell cultures and zebrafish larvae. Using azide-alkyne "click" reactions, we uncovered an apparent contradiction: drug-resistant cells incorporated relatively large quantities of AzC into their genomes and entered S-phase arrest, whereas drug-sensitive cells incorporated only small quantities of AzC. Fluorescence microscopy was used to elucidate structural features associated with drug resistance by characterizing the architectures of stalled DNA replication foci containing AzC, EdU, γH2AX, and proliferating cell nuclear antigen (PCNA). Three-color superresolution imaging revealed replication foci containing one, two, or three partially resolved replication forks. Upon removing AzC from the media, resumption of DNA synthesis and completion of the cell cycle occurred before complete removal of AzC from genomes in vitro and in vivo. These results revealed an important mechanism for the low toxicity of ara-C toward normal tissues and drug-resistant cancer cells, where its efficient incorporation into DNA gives rise to highly stable, stalled replication forks that limit further incorporation of the drug, yet allow for the resumption of DNA synthesis and cellular division following treatment.
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nucleosides and nucleotides | click chemistry | superresolution microscopy | in vivo imaging | theranostics D rugs that interfere with DNA metabolism are currently used in the first-line therapies of leukemia (1), lymphoma (2) , mesothelioma (3), pancreatic (4) , and gastric (5) cancers, but they exhibit limited efficacies in certain subgroups of patients. Despite over 100 y of study (6) , the cell/cancer type-selective toxicities exhibited by drugs that interfere with DNA metabolism remain poorly understood. A correlation between rapid neoplasm proliferation and sensitivity toward DNA synthesis inhibition is often mentioned (7) , but this hypothesis would not predict that slowproliferating "indolent" cancers can be cured with DNA synthesis inhibitors (8) , nor does it explain how healthy animals can efficiently anabolize these compounds yet exhibit high resistance toward their effects in vivo (9) . Cytarabine (ara-C), gemcitabine, cladribine, and fludarabine are widely used nucleoside prodrugs that can be phosphorylated and incorporated into nucleic acids in vivo, potentially causing chain termination and cell death (10, 11) . Most mechanistic studies of drug resistance have therefore focused on characterizing the nucleoside transporters, kinases, reductases, and deaminases that regulate the intracellular concentrations of the activated phosphate forms of nucleoside prodrugs (12) (13) (14) (15) . Drug resistance and sensitivity mechanisms involving downstream factors such as DNA repair status have also been proposed (16, 17) , but their importance in mediating cell type-selective effects has not been thoroughly evaluated in vivo due to the lack of tools for studying drug metabolism with high spatial resolution. Recent advances in fluorescence microscopy allow for subdiffractionlimited imaging (18) (19) (20) (21) , but attaching a fluorophore to a small drug molecule dramatically alters its biological properties (22) . Competition analyses between fluorescently labeled and unlabeled drugs can partially overcome this limitation (23) , but these approaches are not applicable to anabolic prodrugs--where the smallest possible modification should be introduced to maintain the metabolic profile of the parent drug.
Here we report that a bioorthogonal functional group can be introduced into the core of a clinically important pharmacophore while maintaining its biological properties. Drug metabolism can then be characterized by adding a fluorescent probe containing a complementary bioorthogonal functional group to the treated cells or animals. This type of "bioorthogonal chemical reporter strategy" has been used to study the metabolism of carbohydrates (24) , proteins (25, 26) , lipids (27) , nucleic acids (28) (29) (30) (31) , new drug candidates (32, 33) and their binding reactions in cells (34) (35) (36) (37) , but no bioorthogonal reporter of prodrug anabolism has been previously reported. To evaluate this possibility, we synthesized a mimic of ara-C called "AzC" by replacing the 2′(S) hydroxyl group of ara-C with azide ( Fig. 1) . Remarkably, ara-C and AzC exhibited very similar biological profiles in four different cell lines and in zebrafish larvae. Contrary to expectations (38, 39) , drug-resistant cells incorporated relatively large quantities of AzC into their DNA and entered S-phase arrest, whereas drug-sensitive leukemia cells anabolized relatively little AzC. Superresolution fluorescence microscopy revealed that ∼40% of
Significance
The pharmacophore of a clinically important prodrug, cytarabine (ara-C), was directly modified with an azide group that had little or no impact on its potency or mode of action. This "clickable" anticancer drug mimic unexpectedly revealed that the efficient incorporation of ara-C into DNA was associated with drug resistance rather than drug sensitivity. Our results therefore challenge a long-standing perception regarding the cell-type selectivity of nucleoside-based drugs. The mediators of ara-C resistance, DNA replication foci, were characterized using superresolution microscopy. In addition to providing detailed glimpses of individual replication forks in cells, these results suggest that new theranostic candidates for blood-cell analysis can be generated by introducing a bioorthogonal functional group directly into the pharmacophore of a Food and Drug Administration-approved drug.
the replication foci in drug-resistant cells treated with AzC contained two replication forks, consistent with direct observation of long-hypothesized "replicons" that were recently reported in untreated cells yet without full optical resolution (40) . Upon removing AzC/ara-C from the media, cell division resumed without complete removal of AzC from the genomes of drug-resistant cells and animals. In addition to providing direct images of well-resolved pairs of individual replication forks, our results revealed that the efficient incorporation of a widely used prodrug into DNA can be associated with drug resistance rather than drug sensitivity.
Results
AzC Design. Due to its small size, biological stability, and high reactivity in a wide variety of bioorthogonal chemical reactions (41, 42) , the azide functional group is an ideal candidate for the development of clickable prodrug mimics. We selected the 2′(S) hydroxyl group of ara-C for replacement with azide because the similar bond angles of R-O-H and R-N=N 2 (∼110°) should allow these groups to occupy the same nucleoside and nucleotide binding sites in enzymes (43) . The 2′(S) position of the sugar was selected because it undergoes no relevant metabolic transformations, and a wide variety of small functional groups can be installed at this position while maintaining potent biological activities (44) (45) (46) (47) . Catabolic deamination of ara-C gives ara-U, the most abundant inactive metabolite of ara-C produced in vivo (48) . To evaluate the potential interplay between the substituent at the 2′(S) position and nucleobase identity, "AzU" was synthesized and evaluated to determine its biological similarity to ara-U. Two thymidine analogs widely used for metabolic labeling of DNA, EdU (28, 49) , and AmdU (29) were also included in our study.
AzC/Ara-C and AzU/Ara-U Exhibit Similar Biological Profiles in Four Different Cell Lines. To assess the combined cytostatic and cytotoxic effects of each nucleoside in four different cell types, the Alamar Blue assay was used. At all time points and in all cell cultures evaluated, nearly identical inhibitory effects were observed for ara-C and AzC, as well as for ara-U and AzU (SI Appendix, Figs. S1 and S2). Consistent with selective toxicity toward white blood cells (45) , both ara-C and AzC rapidly killed leukemic OCI-AML2 and OCI-AML3 cells, but not HeLa or U2OS cells after 24 h (Fig. 2A) . Modest effects on total metabolic activities were eventually observed in HeLa and U2OS cell cultures after 72-h incubations with ≥5 μM of ara-C or AzC (Fig. 2B and SI Appendix, Fig. S1 ). EdU exhibited a similar potency (EC 50 ∼ 5 μM), yet it completely killed HeLa and U2OS cells after 72 h, whereas ara-U and AzU exhibited no detectable cytostatic or cytotoxic activities in all cell cultures evaluated (SI Appendix, Figs. S1-S3).
Ara-C and AzC arrested the division of U2OS and HeLa cells with minimum inhibitory concentrations of approximately 5 μM ( Fig. 2C and SI Appendix, Figs. S1 and S3). Piezeoelectric measurements revealed that cellular arrest was accompanied by a threefold increase in cellular volumes (Fig. 2D ), explaining the relatively small impacts that these compounds had on total metabolic activities of cell cultures according to the Alamar Blue assay (SI Appendix, Fig. S1 ). Microscopy experiments confirmed dramatic increases in cellular volumes of HeLa and U2OS cells treated with ara-C or AzC. In contrast, OCI-AML2 and OCI-AML3 cells treated with ara-C or AzC exhibited DNA fragmentation patterns consistent with programmed cell death ( To further characterize their biological profiles, HeLa, U2OS, OCI-AML2, and OCI-AML3 cells were incubated with each nucleoside for 8-24 h, fixed, and stained with DAPI and an anti-γH2AX antibody that detects chromatin stress (50) (51) (52) . Flow cytometry revealed unique patterns of γH2AX formation versus cell-cycle distribution that were highly characteristic of each compound and each cell type evaluated (SI Appendix, Fig. S9 ). Nearly identical patterns were observed for ara-C and AzC, as well as for ara-U and AzU in all four cell lines evaluated, whereas distinctly different patterns were obtained for EdU, AmdU, and the topoisomerase I inhibitor camptothecin (CPT; Fig. 3 and SI Appendix, Fig. S9 ). The same incubation time (24 h ) and concentration of ara-C or AzC (5 μM) were required to fully activate γH2AX formation in HeLa and U2OS cells (SI Appendix, Figs. S10 and S11). These compounds also exhibited the same characteristic impacts on cell-cycle distribution. For example, AzC and ara-C caused the disappearance of G2/M populations in HeLa and U2OS cells, while EdU caused an accumulation of cells arrested in G2/M (Fig. 3B ). Ara-U and AzU caused no changes in cell-cycle progression or γH2AX formation compared with untreated controls. Together these results revealed that AzC and ara-C exhibited similar metabolic kinetics, potencies, and characteristic effects on cell cultures. These compounds were metabolized via common pathways according to competition experiments, where the metabolic incorporation and "click" staining of AzC in U2OS cells was inhibited by coincubation with ara-C (SI Appendix, Fig. S12 ).
Metabolic Incorporation and Click Staining of AzC in Cells Reveals an
Inverse Relationship with Acute Toxicity. Cell cultures were incubated with 5 μM AzC for 24 h, treated with a "fixable live/dead" stain to mark dead cells, fixed with paraformaldehyde, denatured with HCl, and click stained with the Alexa 594 alkyne (Fig. 4) using Cu(I) catalysis. While Cu-free staining of azide groups is also possible (41, 42) , DNA denaturation and Cu(I) catalysis provided more quantitative results than strain-promoted click reactions on native DNA (29) . Flow cytometry unexpectedly revealed an inverse relationship between the amount of AzC incorporated into each cell type: HeLa > U2OS >> OCI-AML3 > OCI-AML2 ( Fig. 5A and SI Appendix, Fig. S13 ) with the trends in acute toxicity: HeLa < U2OS << OCI-AML3 < OCI-AML2 (SI Appendix, Figs. S1 and S2). AzC concentration-dependent staining of HeLa and U2OS cells increased over a concentration range of 1-10 μM, reached a plateau at 10-20 μM, and decreased from 20-100 μM of AzC ( Fig. 5B and SI Appendix, Figs. S14 and S15). In all four cell lines, more AzC was detected in the viable versus nonviable cell populations following AzC treatment (Fig. 5A) . Taken together, these results demonstrate that AzC incorporation is self-limiting, as previously proposed for ara-C (53). Consistent with its selective incorporation into DNA, pretreatment of HeLa and U2OS cells with the DNA polymerase inhibitor aphidicolin inhibited AzC incorporation and staining (SI Appendix, Fig. S16 ). To investigate the relationships between ara-C anabolism into DNA and drug resistance, the architectures and dynamics of DNA replication foci were evaluated in detail.
Superresolution Microscopy Reveals Architecture of Drug-Stalled
Replication Foci. Common metabolic labels such as BrdU, EdU, and AmdU are globally incorporated into the DNA of dividing cells, giving staining patterns that overlap with noncovalent probes such as DAPI (28, 29) . In contrast, AzC staining in U2OS and HeLa cells was highly punctated (Fig. 5C and SI Appendix, Fig.  S17 ). Given the abilities of ara-C and AzC to cause reversible cellcycle arrest in early S phase (SI Appendix, Figs. S7 and S8), we speculated that the AzC puncta represented sites of stalled DNA synthesis. To test this possibility, stimulated emission depletion microscopy with time-gated detection (gSTED) (54) was used to evaluate the spatial relationships between AzC foci and the proliferating cell nuclear antigen (PCNA) (55) . U2OS cells were , aphidicolin (aph, 10 μM, positive control), or lovastatin (lova, 40 μM, negative control) for 24 h. *P < 0.1, **P < 0.01, and ***P < 0.001 versus the control. treated with 30 μM AzC for 5 h, fixed, denatured, immunostained for PCNA, and AzC was stained with the silicon rhodamine dye "SiR alkyne" (56) . gSTED microscopy revealed that AzC and PCNA puncta exhibited similar dimensions and locations ( Fig. 5D and SI Appendix, Fig. S18 ). Quantitative 3D image analyses of three whole cells containing well-resolved AzC puncta revealed that 79 ± 3% of AzC puncta (n = 331) had exactly one PCNA punctum located within a radius of 135 ± 29 nm, with an average distance between their centroids = 69 ± 15 nm (Fig. 5E and SI Appendix, Fig. S19 and Tables S1 and S2 ). This distance is approximately half of the previously reported diameter of individual replication foci (57, 58) . To evaluate if these puncta represent sites of stalled, processive DNA synthesis, a pulse-chase experiment was conducted by incubating U2OS cells with a 20-min pulse of EdU, followed by a 5-h chase with AzC. Fixation and staining of AzC and EdU revealed distinct patterns of AzC puncta surrounded by multiple strands of EdU-modified DNA (Fig. 5F ). In these images, a correlation between the size of each AzC puncta and the amount of proximal EdU labeling was observed (SI Appendix, Fig. S20 ), reflecting the proportional relationship between the number of replication forks in each foci and the number of DNA daughter strands surrounding it. Similar results were obtained using the nontoxic metabolic label for DNA synthesis "F-ara-EdU" (59) as the pulse rather than EdU (SI Appendix, Fig. S21 ). Together, these results demonstrate that the closely localized AzC and PCNA puncta (Fig. 5D) represent sites of stalled, processive DNA synthesis. To evaluate the potential impact of using ara-C rather than AzC on the architectures of stalled replication foci, U2OS cells were incubated with a 20-min pulse of EdU, followed by washing and a 5-h chase with the parent drug ara-C. Following fixation and staining, the patterns of EdU and PCNA (Fig. 5G and SI Appendix, Fig. S22 ) were very similar to those observed for AzC and EdU ( Fig. 5F and SI Appendix, Fig. S20 ). Once again, a correlation between the number of small PCNA/AzC features within each drugstalled replication focus and the quantity of EdU-labeled daughter strands in close proximity was apparent ( Fig. 5G and SI Appendix, Figs. S20-S22). These results are consistent with a recent report that the majority of DNA replication foci in untreated cells contained one, two, or three replication forks (40) .
While γH2AX foci can be associated with DNA strand breaks (50), ara-C triggers γH2AX formation without causing DNA strand breaks (52) or the recruitment of RAD51. Similar results were also obtained for AzC (SI Appendix, Fig. S23 ). Quantitative 3D image analyses of U2OS cells treated with AzC for 5 h (Fig. 5H and SI Appendix, Fig. S24 ) revealed that 88 ± 4% of AzC-stalled replication foci (n = 487) were located within 250 ± 15 nm of one, two, or three γH2AX puncta (Fig. 5I) , with an average distance between the AzC-γH2AX centroids = 146 ± 19 nm (SI Appendix, Fig. S25 and Tables S3 and S4) . A correlation between the size of each AzC focus and the number of proximal γH2AX foci was observed ( Fig. 5H and SI Appendix, Fig. S24 ), suggesting a proportional relationship between the number of stalled replication forks in each focus with the number of γH2AX foci surrounding it. To evaluate this possibility, U2OS cells were treated with a short pulse (20 min) of EdU and a 5-h chase of AzC. The cells were then fixed and stained for EdU, AzC, and γH2AX. Consistent with results from the two-color experiments (Fig. 5 D-I) , one, two, or three γH2AX foci were proximal to each AzC feature ( Fig. 5J and SI Appendix, Fig. S26 ), and for each γH2AX focus, two regions of EdU-labeled daughter strands were observed, indicative of leading and lagging strand synthesis. Three-dimensional image analyses revealed that the γH2AX foci did not occupy any of the same space as the EdU-labeled DNA, nor of the AzC/PCNA volumes. Taken together, these results provide the basis for a model of ara-C-stalled replication foci containing two nonresolved replication forks in close proximity (Fig. 5K) , or two spatially resolved replication forks with variable distances between them (Fig. 5L) .
Stalled Replication Foci Can Resume DNA Synthesis. The S-phase cell-cycle arrest caused by ara-C or AzC treatment of drugresistant cells (Fig. 2C and SI Appendix, Fig. S3 ) is a reversible process (SI Appendix, Fig. S8 ). To visualize the resumption of DNA synthesis following removal of AzC from the media, U2OS cell cultures were treated with 10-50 μM AzC for 24 h, washed, and incubated with fresh media containing a nontoxic metabolic label for DNA synthesis, F-ara-EdU (59) for 0-5 d. The cells were then fixed, stained for AzC, F-ara-EdU, and PCNA. The first signs of new DNA synthesis (F-ara-EdU) were observed 8-12 h following the removal of AzC and were in close proximity to both AzC and PCNA (Fig. 6 A and B and SI Appendix, Fig. S27 ). Colocalization of AzC and PCNA was lost from 24-48 h following removal of AzC (Fig. 6 B and C) , and γH2AX became diminished in most cells (SI Appendix, Fig. S28 ). Pairs of new daughter cells containing roughly equal quantities of punctuated AzC staining became apparent 48-72 h following removal of AzC from the media, indicating that the cell cycle was able to reach completion without complete removal of AzC from the genomes (Fig. 6C) . Additional rounds of cellular division from 96 to 120 h resulted in further dilution of AzC into the granddaughter cells, revealing that AzC-containing genomes were functional over multiple generations (SI Appendix, Figs. S27 and S28).
AzC, Ara-C, and AmdU Dynamics in Zebrafish. To evaluate the in vivo relevancy of results obtained using drug-resistant cell cultures, 3-d-old zebrafish were treated with 5-10 mM of AzC or AmdU for 24 h, fixed, and stained with a fluorescent alkyne. AmdU staining was consistently less intense than AzC staining (SI Appendix, Fig.  S29 ), and both compounds were detected in all known proliferating regions of the animals, including the retinal stem cell niche, the brain, liver, and intestine (SI Appendix, Figs. S30 and S31). AmdU exhibited uniform, diffuse staining patterns that overlapped with DAPI, whereas AzC gave highly punctuated staining (Fig. 7A ) that overlapped with PCNA, but not with the nucleolar marker nucleolin ( Fig. 7 B and C) . Taken together, these results demonstrate that AzC is more efficiently incorporated into zebrafish DNA than AmdU, yet remarkably AzC was found to be less toxic to the animals than AmdU.
To assess trends in toxicity, 3-d-old zebrafish were treated with 0.5-10 mM of ara-C, AzC, or AmdU for 24 h. All ara-C-and AzC-treated fish were healthy and viable (n = 18-40 for each concentration), yet 30-50% of the animals treated at the highest concentration of ara-C or AzC exhibited the same minor phenotype of delayed inflation of the swim bladder (SI Appendix, Fig.  S32 ). This was a reversible effect, as all of the affected fish were able to inflate their swim bladder within 48 h following removal of each compound from the water. In contrast, zebrafish treated with AmdU exhibited much more severe and irreversible phenotypes, including the accumulation of necrotic tissues and horizontal body positioning in up to 50-100% of the treated animals.
To evaluate their ability to inhibit DNA synthesis in vivo, 3-d-old zebrafish were treated with 5 mM of ara-C, AzC, or AmdU for 3 h, followed by coincubation with nontoxic metabolic probe for DNA synthesis, F-ara-EdU (1 mM) for 24 h (59). The fish were fixed, stained for F-ara-EdU, and subjected to imaging. In contrast to AmdU, both ara-C and AzC caused nearly complete inhibition of new DNA synthesis in the retina (Fig. 7D ), brain, and intestines (SI Appendix, Fig. S33 ). Little or no DNA synthesis inhibition by ara-C or AzC was observed in the liver--an organ that possesses high deaminase activities and generates the inactive metabolites AzU/ara-U (48) . Taken together, these results demonstrate that ara-C and AzC possess similar biological activities and potencies in vivo by causing the same macroscopic phenotypes and microscopic patterns of organ-selective inhibition of DNA synthesis in zebrafish. To evaluate the reversibility of DNA synthesis inhibition by ara-C and AzC, 3-d-old zebrafish were treated with 5 mM of each compound for 24 h and then moved into drug-free water containing 1 mM of F-ara-EdU for 24-60 h. In regions where inhibition of DNA synthesis by ara-C/AzC had been previously observed (retina, brain, and intestine), sites of DNA synthesis became apparent 24 h after AzC/ara-C was removed from the water (Fig. 7E and SI Appendix, Figs. S34 and S35) . After 60 h, AzC staining became more diffuse within the individual cells, and the AzC-retaining cells exited the proliferating cell niches of the brain and the retina (Fig. 7F and SI Appendix, Figs. S36 and  S37) . Throughout the body, AzC was still observed in the genomes of zebrafish larvae following the resumption of DNA synthesis. Together, all trends observed in zebrafish closely mirrored those seen in drug-resistant HeLa and U2OS cells.
Discussion
Gram quantities of ara-C are i.v. applied for 1 wk during the firstline "induction" therapy of various leukemias (1) and lymphomas (2), reaching a remarkably high peak serum concentration (c max ) = 40 μM-2 mM (60). Little is known about the mechanisms that enable healthy tissues and drug-resistant cancer cells to evade ara-C toxicity during chemotherapy. Previous studies have suggested that differences in anabolic processes upstream of ara-C's incorporation into nucleic acids (nucleoside influx/efflux, phosphorylation, deamination, etc.) play key roles in mediating drug resistance and sensitivity (12) (13) (14) (15) . This hypothesis would predict that drug-resistant cells anabolize less ara-C than drug-sensitive cells (38, 39) . Our work has revealed the exact opposite trend.
In this study, a traceable mimic of ara-C was generated by replacing a critical hydroxyl with azide, giving AzC. These compounds exhibited nearly identical biological profiles in cell cultures and in zebrafish larvae--where their variable effects depended on the specific cell/tissue type. To our surprise (12-15, 38, 39) , drug-sensitive leukemia cells anabolized less AzC into their genomes than did drug-resistant cells and animals, suggesting that the efficient incorporation of a clinically important prodrug into DNA can be associated with drug resistance rather than drug sensitivity. As a first step toward understanding these differences, we used AzC to evaluate the architecture and dynamics of stalled replication forks in drug-resistant cells using superresolution microscopy. Our results revealed that ∼40% of the drug-stalled replication foci contained two replication forks in close proximity ≤ ∼146 nm. Our imaging results are consistent with the long-hypothesized "replicons" (40) that represent closely associated pairs of replication forks originating from the same origins of replication. We provide images of individual replication forks where both the DNA and protein components of the replisome are apparent. Rather than causing chain termination (10, 11) , ara-C and AzC caused the formation of highly stable, reversibly stalled replication forks in drug-resistant cells that were capable of resuming DNA synthesis once the drug was removed from the environment. Consistent with DNA lesion bypass synthesis (61), AzC was observed in the genomes of daughter cells following the resumption of cell division in vitro and in vivo. Taken together, these observations are consistent with the emerging view that cancer-selective toxicities of DNA synthesis inhibitors can be associated with deactivation of certain DNA repair pathways (16, 17) . Differences in DNA damage response and repair factors that mediate stalled replication fork stability are therefore good candidates for the cell-type selective toxicity of ara-C (62). AzC will provide an excellent tool for further studies aimed at understanding these processes and their differences in healthy and cancerous cells.
In addition to serving as an important mechanistic probe, AzC is a promising candidate for theranostics (63) with potential applications in both therapy and medical diagnostics. The similar biological profiles of ara-C and AzC support its potential use in therapeutic applications, and the efficient incorporation of AzC into DNA and stable S-phase arrest are features of drug resistance that could potentially allow physicians to predict the therapeutic efficacy of ara-C before and/or during chemotherapy. Previous studies aimed at developing theranostic agents have focused almost exclusively on the construction and application of various nanomaterials (63) (64) (65) ). Here we demonstrate a straightforward approach for the development of potential theranostic agents with excellent drug-like properties by introducing a bioorthogonal functional group into the pharmacophore of a well-established drug. Given the wide variety of clinically important anticancer and antiviral drugs carrying a modification at the 2′(S) position of ribose (e.g., clofarabine, fludarabine, nelarabine, vidarabine, sapacitabine, etc.) this approach should be applicable to the development of a diverse set of theranostic agents with unique biological properties. In the future, a panel of such compounds could be used for ex vivo blood/biopsy analyses for precision medicine aimed at selecting the most suitable drug based on the drug metabolism profile of the person and their cancer subtype.
Materials and Methods
See SI Appendix for all experimental procedures and the synthetic details for AzC and AzU. SI Appendix contains Figs. S1-S37 and Tables S1-S4. SI Appendix also contains additional toxicity data, cell counting, flow cytometry, microscopy, and quantitative image analyses. All fish studies were conducted in strict accordance with the guidelines for animal research established by the local authorities (Veterinäramt Zürich).
